These studies indicate that 1,25(OH)2D3 modulates the keratinocyte signal transduction pathway by induction of phospholipase isoenzymes, a previously undescribed action for this hormone. (J. Clin. Invest. 1995. 96:602-609.)
Introduction
The differentiation of normal human keratinocytes in culture is induced by extracellular calcium (Ca0)' and 1,25-dihydroxyvitamin D3 (1,25 (OH)2D3), the hormonally active form of vitamin D (1) (2) (3) (4) (5) (6) . Phorbol esters, presumably by regulating protein kinase C activity, are also capable of stimulating differentiation and modulating the prodifferentiating effects of calcium (7) (8) (9) . The mechanism by which 1,25(OH)2D3 induces keratinocyte differentiation, although not fully elucidated, is known to involve changes in intracellular calcium (Cat) and is likely to include the changes in phospholipase C (PLC) and protein 1 . Abbreviations used in this paper: 1,25 (OH)2D3, 1,25-dihydroxyvitamin D; Ca,, Ca., intra-and extracellular calcium; Indo-1 AM, indo-1 acetoxymethylester; IP3, inositol triphosphate; KGM, keratinocyte growth medium; PI, phosphatidyl inositol; PIP2, phosphatidyl inositol biphosphate; PLC, phospholipase C; TRH, thyroid-releasing hormone.
kinase C activity that accompany calcium-induced differentiation (10, 11) . The potential ability of protein kinase C to phosphorylate and inactivate PLC (12, 13) contributes to the complexity of the pathway mediating calcium-and 1,25(OH)2D3-induced differentiation.
The classic role of vitamin D, namely the regulation of calcium transport in the intestine, bone, and kidney, is mediated by the steroid hormone-like action of vitamin D through its binding to specific nuclear receptors and regulation of specific gene expression (14) (15) (16) . However, several recent observations support a role for 1,25 (OH)2D3 in other tissues not directly involved in plasma calcium homeostasis (reviewed in reference 10) . Some of these effects involve genomic actions of 1,25 (OH)2D3, whereas other rapid effects appear to be nongenomic. Among the rapid effects described for 1, 25 
(OH)2D3
are the stimulation of phosphatidylinositol (PI) metabolism, Caj mobilization, and protein kinase C activity. In keratinocytes, an acute increase in Cai associated with increased PI turnover has been observed after 1,25 (OH)2D3 administration in some studies (17) (18) (19) (20) . The acute increase in Cai in association with the increased levels of diacylglycerol produced from the PI turnover would be expected to activate protein kinase C (26, 27 (28, 29) . In keratinocytes, for example, ATP stimulates PI metabolism, mobilizes Cat, and increases DNA synthesis (30, 31 the Enhanced Chemiluminescence system obtained from Amersham Corp. In the data shown, the same blot was probed for all three isoenzymes. mRNA levels ofPLC isoenzymes. Total RNA was prepared according to the method of Chomczynski and Sacchi (35) . In brief, cells were dispersed in lysis solution (4 M guanidine isothiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) and then extracted with phenol-chloroform followed by ethanol precipitation. For Northern analysis, RNA was electrophoresed through 1% agarose-formaldehyde gels and transferred to nylon membranes (Hybond-N+; Amersham Corp.). The blots were hybridized with 32P-labeled cDNA probes for PLC-/32 and PLC-yl (gifts from Dr. John Imboden, V. A. Medical Center, San Francisco, CA) and an 18S RNA probe for normalization. The probes for PLC isoenzymes /31 and 61 were oligonucleotides synthesized according to the published sequences available from GenBank. The probe for PLC-/31 was TCTTGGCGAGGCTGCTGTTGG and was the antisense region from 1306 to 1327 of the sequence published by Bahk et al. (36) . The probe for PLC-61 was ACGTGAGTTGAAGGT-GGTGTT, which is the antisense region from 1901 to 1922 of the sequence published by Yagisawa et al. (37) . The results were quantitated by densitometry of the resulting autoradiogram.
Results
The acute effects of Cak, 1,25 (OH)2D3, and ATP on Cai are shown in Fig. 1 (Fig. 3) .
To determine the generality of this action of 1,25 (OH)2D3, we performed the experiments shown in Fig. 4 . Keratinocytes possess cell surface receptors for bradykinin and histamine as well as ATP (38) . These agonists also lead to a transient increase in Ca, and IP3 production. A 24-h pretreatment of kera- Figure 6 . Effect of 1, 25 Basal levels of IP3 were increased by a 24-h incubation with 1,25(OH)2D3 (Fig. 6 A) . Furthermore, ATP-stimulated 1P3 production was increased in keratinocytes incubated with 0.1-100 nM 1,25(OH)2D3 for 24 h (Fig. 6 B) (26, 27) . In HL-60 cells 1,25 (OH)2D3-induced calcium influx is accompanied by induction of f MLP-stimulated calcium transients and their differentiation into monocytes (25) . 
